
Btochtmwa et Btoph>stca Aeta, 368 (1974) 422-431 
,~ Elsewer Scientific P u b h s h m g  C ompany ,  A m s t e r d a m  - Printed m The Nether lands  

BBA 46824 

THE EFFECT OF SALT C O N C E N T R A T I O N  ON THE FLUORESCENCE 

PARAMETERS OF ISOLATED CHLOROPLASTS 

S H M U E L  M A L K I N  and Y O N A  S I D E R E R  

Biochemistry Department, The Wetzmann Institute oJ Scwnee, Reho~ot (Israel) 

(Received June  17th, 1974) 

S U M M A R Y  

The previously reported effect of  salt concentration on the fluorescence and 
other photochemical activities of  Photosystem II is anterpreted m terms of a change 
in the radlatlonless transition and the trapping probabilities This is confirmed by 
quantitative comparison of the fluorescence and the photochemical actlwty As a 
by-product of this analysis a method is devised to estimate the background fluores- 
cence 

We did not ehmmate the possibility that the radlatlonless transmon constant 
may include a contribution of energy transfer from Photosystem II to Photosystem I 

I N T R O D U C T I O N  

There are several reports In the literature on the effect of  salt on Photosystem II 
reactions The effects caused on fluorescence induction reported by Murata [1, 2] 
and by H o m m a n  [3] are particularly noteworthy In general, both the quantum 
yield of fluorescence [1-3] and of Photosystem II  photochemistry [4-6] increase by 
adding salt into the medium 

The reason for this effect is not welt understood Most authors speak loosely 
about  the change of  hght distribution between Photosystem I and Photosystem II 
This explanation is very unhkely physically It  is hard to imagine how chlorophyll 
molecules change their location and move in an ordered manner between two separate 
Photosystem I and Photosystem II entitles 

The explanation becomes easy if one interprets the effect m terms of a change 
in the quantum yields of  the primary photophyslcal events in Photosystem II  The 
hght &strlbutlon remains essentially the same, but the quantum yields of  both 
fluorescence and photochemistry change As we shall show the reason for these 
changes comes from a drastic change in the radlatlonless transition constant Also, 
the trapping constant is probably changed A quantitative correlation between the 
photochemical yield and fluorescence yield changes, calculated on this basis, is quite 
satisfactory 

Abbreviat ion DCIP,  &ch lo rophenohndopheno l  
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A n o t h e r  possible  suggest ion is o f  a dynamic  spi l l -over o f  exci tat ion f rom 
Photosys tem II  to Pho tosys tem I, con t ro l led  by  the state o f  the Pho tosys tem II 
reac tmn centers,  which is Inhibi ted  in the presence o f  salt [1, cf  also refs 7 and 8*] 
This possibility may be inc luded in the f r amework  of  the same theory men tmned  
above,  except tha t  the in te rp re ta t ion  for  the radmtlonless  t rans i tmn cons tant  is 
changed and must  also include the rate  cons tan t  for energy t ransfer  f rom Photosys tem 
l I  to Pho tosys tem 1 Thus,  a l though  the term radmtlonless  t rans l tmn will be used 
in the fol lowing text  the possibi l i ty  of  energy t ransfer  to Pho tosys tem I is not  ehml- 
nated Its slgmficance must  be proved or  e l iminated by other  exper iments  which we 
pursue now 

THEORY 

The typical  f luorescence rise (F ig  1) observed m isolated chloroplas ts  upon  
i r rad ia t ion  p r o b a b l y  reflects the t rans i t ion  f rom a state o f  maximal  t rapp ing  to a 
state o f  vanishing t r app ing  [9] By t rapp ing  we mean the u t lhzat lon  o f  e x o t a t l o n  
energy in the reac t ion  center  for  the p r imary  pho toreac t lons  I f  we denote  by kv, kH 
and kT the rate  constants  for the fluorescence, r a&anon less  t r ansmon**  and t rapping,  
respectively,  we can describe the fluorescence yields [9, 10] as the fol lowing rat io  of  
rate constants  

kv 
~bv° = kv+ka-~ k-T (1) 

kv 
(]~Fm --  (2)  

kvq-k H 

qSFo, ~bVm = fluorescences yields for  maximal  t r app ing  and vanishing t rapping,  re- 
spectively 

In this descr ip t ion  kT depends  on the number  of  t r app ing  centers Since we are only 
interested in this art icle in the init ial  and  final states there is no significance in the 
type o f  model  used for  the pho tosyn the t ic  unit,  whether  independen t  or  stat~stlcal 
[10-12] F o r  the independen t  uni t  model  k T is a cons tant  o f  the unit  F o r  the statis- 
tical model  kT is a funct ion o f  the initial concent ra t ion  o f  the t raps 

In this theoret ical  f r amework  the yield o f  t r app ing  for the state o f  maximal  
t rapp ing  wdl be given by 

kT 
ST - -  (3)  

kv@kn-L]~T 

F r o m  Eqns I and 2 ST IS also given by 

~Vo 
q~T 1 - -  - - (4) 

q~Fm 

* The work of Brmntais et al ,  although different in detad is very similar m essence to the present 
work It was brought to our attention after this work was completed 

** In this article kH includes also Intersystem crossing to the triplet mamfold (cf laterJ 
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All the above formulae are relevant to Photosystem lI For photoreact~ons hmlted 
by Photosystem II or which are reduced by Photosystem II  alone the maximal quan- 
tum yield of  a photor~actlon m steady hght wilt be g)ven by 

= : ( l -  erm! (5) 

where g as the fraction of the absorbed hght channelled into Photosystem II  For a 
set of con&tlons that do not change ~, qSpc is expected to be p ropomonal  to 

( I - -  qSv°~ 
(]~Fm f 

During the course of many years of work we noticed quite considerable varm- 
Uons in the ratio ~bro/qbrm for &fferent samples Th~s rauo could not always be corre- 
lated to ~Pc In order to develop a systematic approach we must assume that part of  
the fluorescence must be subtracted as a background contributed by irrelevant 
sources other than acUve Photosystem II  umts The est~maUon of background 
fluorescence Is somewhat controversml Thus Clayton [13] and Lavorel [14] esUmate a 
relatwely large background contribution to ~kFo while Tumerman [15], from fluores- 
cence hfe-tlme stu&es deduces that most ~b~o is a relevant emission from Photosystem 
II In bacterial systems Borlsov and Go&k [16] estimated (by the fluorescence hfe- 
time techmque) that a considerable fraction of the fluorescence is background emis- 
sion The best way to proceed is to assume that m &fferent c~rcumstances the contri- 
bution of background fluorescence ~s &fferent 

Considering the background fluorescence Eqn 4 will be mo&fied by subtracting 
a background fluorescence ~b~b 

(~T = I (~F°--(/)Fb (6) 
~ m - - ~  

RESULTS 

Fig 1 shows the salt effect on the fluorescence reduction curve, at high salt 
concentration Relative to low salt, there is only a shght increase m the mmal  yield of  
the fluorescence, but a remarkable increase m the final yield This confirms the work 
of Homman  [3] 

Fig 2 shows how the initial and final fluorescence yield depend on the salt 
concentrataon The final fluorescence y~elds may increase by as much as a factor 
of  2 4 m the transmon from 0 01 M to 0 2 M NaCI The anmal fluorescence apparently 
follows the same trend but its change is relatively small ( ~  t0-20 %) At hrgher 
concentrataons ~b~m Is optimal in the range of 0 1-0 3 M NaCl 

Fig 2 represents an experiment m which there is a strong salt effect on the 
fluorescence, but relatively httle or no effect on the oxygen evolution rate m llmmng 
hght (cf Table I) This experiment shows that we ought not to explain the salt effect 
in terms of the hght distribution into Photosystem II since the hght &strlbutaon 
factor should act on both lnmal fluorescence, final fluorescence and the quantum 
yield of  photochemical reactions m the same quantitative way This fact has puzzled 
previous mvesUgators [3] 
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Fig 1 Fluorescence reduct ion curves obta ined m a m e d m m  conta in ing 0 01 M NaCI (bot tom trace) 
and 0 t M NaC1 (upper trace) The med ium conta ined also 0 005 M trlcine, pH 7 5 Chloroplas ts  
(from pea) were prepared as described before [15] The fluorescence measurement  was done by a 
s tandard  procedure  [7] after a relaxat ion t~me of  2 mm m the dark fol lowing a pr ior  short  exposure 
The excit ing hght  was isolated by a 600 nm filter (band width 15 rim) Light  intensity ~ 10 nElnsteIn 
cm -2 s - I  and  the fluorescence hght  was isolated by a sharp interference filter peaked at 685 nm 
(band wldth 3 nml  Chlorophyl l  concentra t ion 10/~g/ml 

4 

C o  

m E  

u ~ 2, 
~ F m  

N o O I  

o NaCl 

L 1 I i I I * l l l  I I , | I I 1 1 . 1  | r I I I I I I I  

10 -3 I0 "~' I0  -l I 

Concentration (Molar) 

Fig 2 The effect o f  var ious NaCI  concentra t ions  on the fluorescence induct ion parameters ,  Fo and 
F m  0mt la l  and final values, respectively) The fluorescence values are expressed m arbRrary umts 
and  a value Fo = 1 was chosen for 0 01 M NaCI  - - -, effect of  sucrose added on top of  the initial 
NaCI  concent ra t ion  of  0 03 M This exper iment  was done on a completely different sample grown 
m d~fferent con&t lons  than the exper iment  of  Fig 1 Other  condH~ons are s~mdar 

There are other experiments which did show an mcrease of photochemistry 
quantum yield parallel to the fluorescence However, the change in the photochemistry 
is always much less compared to the change m the maximal fluorescence 

In order to analyze the data in terms of changes m the fluorescence yteld para- 
meters we checked that the low value of final fluorescence at low salt is not caused 
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TABLE l 

E F F E C T  OF SALT ON O2 E V O L U T I O N  IN P R E S E N C E  OF P O T A S S I U M  F E R R I C Y A N I D E  

The same prepara t ion  as that  In the legend to Fig 2 was used, under  h m m n g  light condmons  
02  evolu tmn was momtored  by YSI 02 electrode React ion mixture contained 10 -'~ M KaFe(CN)6  
The hght  intensity ~a s  ~1  nEmstem cm -2 s -~ The sa tura t ion  rate m strong ~h~te light was 
approximate ly  10 times h~gher than the rate at l l m m n g  hght condmons  

NaCI  concent ra tmn (M I 02 evolut ion rate 
(arbi trary umts)  

001 2 3 = 3  
0 1 2 4 ± 3  

by an approach to an equlhbrmm between the light reactmn (which tends to increase 
the fluorescence) and the reverse dark reaction (which tends to decrease the fluores- 
cence) Thts posslblhty was ehmmated by the observatmn that reducing the light 
intensity by a factor of  2 and 3 did not cause any essential differences in the result 

The salt effect ts certainly not osmotic, smce it is not shown by addmg sucrose 
(Fig 2), except perhaps at a very hzgh concentration, where the fluorescence yield drops 

A N A L Y S I S  OF  T H E  RESU LTS 

As already mentioned the explanatton of the salt effect in terms of changes 
m ~, the light &strlbutlon of Photosystem II, falls after quantltatwe exammatmn 
We now check the explanation in terms of a change in ~bT, according to Eqn 4 

Analysts oj Homman's results (ref 3 Fly 1) 
From the ratio of the values of  4~v. and q~Fm we calculated q5 T for low and high 

salt concentrations (In this experiment the salt effect is achieved by adding a small 
amount  (3 3 mM) of MgCI2) The ratio of  quantum yields obtained by this method 
was 1 1 (high salt/low salt) From the induction curves plotted on the same scale we 
found that the high salt curve is faster by a factor of 1 15 ~ 0 05 Assuming that the 
lnductton process reflects a reduction of the same pool of  electron careers m both 
cases [7], the ratio of the lnductmn times is equal to the reciprocal ratio of the quan- 
tum yields* Therefore there is an agreement between the values of  the fluorescence 
parameters and the fluorescence kinetics There xs no need to assume any background 
fluorescence Thts experiment is a nice demonstratton that the salt effect affects ~b T 
rather than the d lsmbutmn of hght into Photosystem II  

* The s tandard  formula  for the reduction t ime [7], using the present notat ion,  is 

f .j ~ -  ~o n = ~r ~ I - d t  
o ~ m - ~ F o  

(where n ~s the number  of  electrons transferred,  I Is the absorbed hght  mtenslty)  The integral 
defines the t~me of  reduct ion E Hence 

q~rl ?2 
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Fig 3 Fluorescence mductmn curves of Fig 1 normal,zed such that the variable fluorescence value ~s I 
- ,001 MNaCI - - - , 0  1 M NaCI 

Analysts of Fig 1 
Analysis  o f  this exper iment  shows the need to subtract  an appropr i a t e  value o f  

a backg round  fluorescence, according  to Eqn 6 In Table II we b rought  the results 
o f  computa t ions  based on Eqn 6 We c o m p a r e d  the rat ios ofq~x for low and high salt  
media  calcula ted f rom Eqn 6, assuming different values o f  qSVb, to rat ios o f  ~b I calcu- 
lated f rom the induct ion  curves (as m the analysis for  ref  3) The normal ized  mducUon 
curves are shown m F ig  3, the high salt  curve is faster by a factor  o f  1 2 ± 0  05 It is 
seen that  an agreement  between the measured  and compu ted  rat ios  o f  q5 T Is ob ta ined  
i f  we assume a backg round  fluorescence in the range 0 3-0 6 (relatwe to a value I 
o f  4~Vo for the low salt med ium)  It  can be seen also that  this me thod  for es t imat ing 
q~vb lS not  very sensitive and can give only crude esUmates, depending  on the accuracy 
in ~b T 

To show tha t  the q u a n t u m  yield o f  the fluorescence lnduct ton  process is also 
reflected m the external  e lect ron t ransfer  we also measured  the reduct ion of  D C I P  
m h m m n g  light by s t andard  methods  [18] The same rat io o f  qua n tum yields was 
also ob ta ined  m this me thod  for  the two salt concent ra tmns  

Analysis of  Fig 2, and Table 1 
In these exper iments  there was a relat ively big salt effect on the fluorescence 

parameters ,  but  a lmos t  no change on the quan tum yield, Table  I In  these exper iments  
we measured  the quan tum yield by measur ing  the oxygen evoluUon m h m m n g  hght 
Within  exper imenta l  e r ror  we may  assume that  q~r = a const  Therefore,  l--qSVo/qSVm 
mus t  be approx ima te ly  cons tan t  Either  4)Vo/CbVm lS cons tant  or  else it must  be very 
small  c o m p a r e d  to 1 Both conclusions are not  compaUble  with the calcula ted values for 
q~r o f  0 63 and  0 31 for  low and  high salt, respectively Hence we must  subtract  a 
cer ta in  value ~bvb as a background ,  accord ing  to Eqn 6 

Table  II  shows the compu ted  values o f  q5 x f rom different assumpt ions  abou t  the 
backg round  fluorescence, for  0 01 M and 0 1 M salt  concent ra t ion  It  is clear that  for  
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TABLE II 

EXPERIMENTAL AGREEMENT BETWEEN ~bx RATIOS COMPUTED FROM FLUORES- 
CENCE YIELDS (EQNS 4-6) AND OBTAINED BY DIRECT EXPERIMENT 

Dashed and undashed values refer to two different medm, the dashed values refer to higher fluores- 
cence values (hagh salt) Fluorescence values are expressed m relative umts ~bvo as gaven the value 
of 1 for all experiments 

Expt ~bvo q~m q~'~o qVVm ~b~ b Computed Measured 
ratio 4)T/4~T (Eqn 6) ratio q~ T/4~T 

Ref 3 Fag 1 1 4 4  l I 8 

Fig 1 1 2 1 14 3 5 

Fig 2 and Table I 
(0 01 M and 
0 1 M NaCI) 

1 1 6  1 2  3 5  

0 

0 
O2 

04  
05 
06 
08 

0 
02 
04  
06 
07 
08 
09 
1 

I 1 1 1±005  

135 
1 29 

1 25 ] 1 2±0  05 
l 22 I Agreement ~lthan 118 
1 14 experimental error 

1 05 

1 75 
1 62 
I 48 
I 32 

1 2~ ] 1 ± 0  25 
1 14 J Agreement within 
1 03 experamenta[ error 
0 94 

a va lue  ~bVb equa l  o r  g rea te r  t h a n  a b o u t  70 ~o o f  the  qSvo va lue  at 0 01 M the ra t io  
be tween  the  c o m p u t e d  ~bT va lues  hes in the  r ange  o f  e x p e r i m e n t a l  accuracy  (Tab le  I)  

This  ~s an  e x a m p l e  where  the b a c k g r o u n d  f luorescence  is ve ry  cons ide rab le  

Rattonale for  the salt effect Computation o f  chanqes m k H and k t 
In  o rde r  to  see the  r ea son  beh ind  the  salt  effect we m u s t  f o r m u l a t e  w h a t  are  the  

affected pa r ame te r s  Since the q u a n t u m  yield o f  f luorescence  is a lways  low [19 ] (m the  
o rde r  o f  1-2 %) we can  a lways  neglect  kF c o m p a r e d  to  kH and  kT W e  o b t a m  the  
fo l l owing  s lmphf ied  express ions  

,~ kv kF ~ k .  (7) 

W e  conf iden t ly  a s sume  tha t  kr  ts no t  affected by the m e d i u m *  Smce  the biggest  
effect o f  the m e d i u m  xs o n  qSvm tt is ce r ta in ly  c o n c l u d e d  tha t  kn decreases  cons td-  
e rab ly  at  hxgh salt  c o m p a r e d  to  low salt  This  will  affect  qSVo m the  same  d i rec t ion  as 
qSzm, bu t  to a m u c h  lesser degree  due  to  the  f ac to r  kT (since kH < kT) 

I f  we c o m p a r e  t w o  med ta  be tween  which  there  ~s a m a x t m a l  effect it is easy to  
show f r o m  Eqn  7 tha t  

* hv is related to the absorptaon coefficaent through the Emstem relataons Thas factor is not 
expected to change as much as there is no essential change m the molecular structure From the 
fact that the absorption and emission spectra remain the same we must conclude that kv as not 
changed 



429 

TABLE III 

CALCULATION OF CHANGES IN /,rl THE RADIATIONLESS TRANSITION CONSTANT 
AND hT, THE TRAPPING CONSTANT 

For reasonable assumptmn on the background fluorescence cf Table II 

Expt Background fluorescence h . /h .  

Ref 3 Fig 1 00 053 

Fig 1 0 3 0 53 
04 O52 
05 O5O 
06 048 

F~gs 2 and ~ 0 7 0 32 
08 030 
09 027 
I 0 024 

Cf explanations to Table 11 

A'T/~T 

I01 

I 05 
0 99 
0 92 
0 84 

0 74 
057 
037 
00 

/~ 'H Fm 

k,a Fm'  

1 I 

k'T Fo'  Fro' 

k r l 1 

Fo Fm 

(8) 

where Fo and Fm are the relative values of the fluorescence parameters, expressed 
arbitrari ly in any convenient  unit ,  the dashed and undashed values refer to the two 
media, respectively The results of  the computa t ions  based on Eqn 8 are summarized 
in Table I1 Evidently both k H and kx change kH is decreased by a factor of 2-3 in the 
t ransi t ion from low to high salt The calculation o fkv  is much less certain, depending 
strongly on the assumption made for the background fluorescence Two experiments 
indicate no change or only a very small decrease ( g  20 "~,) by the salt addit ion One 
experiment indicates a more considerable decrease in k T Much more accurate ex- 
periments will be needed to estimate kz changes with any certainty The present 
results are only indicative 

It is known that in vitro chlorophyll  shows a decrease in its fluorescence as a 
funct ion of its concentra t ion (concentrat ion quenching)  [20-22] which is a mani-  
festation of i n c r e a s i n g / , .  Al though the (microscopic) chlorophyll concentrat ion in 
VlVO is surely very high, the pigments are relatively protected from those interactions 
which cause too high a value of k .  This protection may be due to a more ordered 
state of the pigment  aggregate in vivo which limits a closer approach of any two 
pigments molecules and thus eliminates in part this Interaction The ordered state IS 
controlled presumably by the membrane  macromolecules The salt effect is presum- 
ably an electrostatic effect on the membrane  polyelectrolytes which in tu rn  causes 
conformat lonal  changes and may change typical distances in the membrane  sites for 
chlorophyll  There is evidence to show drastic membrane  changes specific to salt 
interactions [23-25] which are not osmotic [24] 
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The salt effect does not only change/ 'n  but also the interaction between different 
photosynthetic umts According to Marsho and Kok  [6] at the low salt medmm the 
energy transfer characteristics mdtcate independent photosynthetic units, whtle at 
high salt there is a p robaNhty  ( ~  0 5) of  energy transfer between a closed umt to an 
adjacent unit [26] 

To summarize, high salt medmm tends to decrease kn and perhaps also kv 
This causes big changes in the maximal fluorescence while affecting the mlttal fluores- 
cence only shghtly The lmtlal fluorescence change may also be masked by a back- 
ground contribution The effect on kH (and / ,  r) causes increased trapping efficiency 
and hence a higher Photosystem I! activity However, the effect on photochemical  
activities may not sometimes be noticed ff the efficiency was already close to a max- 
imum at low salt medium (Figs 2 and 3) The enhanced Photosystem II actlvlty ma~ 
explain also the appearance of  Emerson enhancement  at high salt [5] and the changes 
in the redox state of  lntermedmte electron carriers between the two photosystems 
caused by salt tn weak light [6] 

We must now consider what ~s the contr tbutlon of  the energy transfer constant  
/~t in k H As stated in the ln t roductmn we include in k u all other contmbutlons bestdes 
fluorescence and photochemistry to the loss o f  excitation from Photosystem II At 
this stage we will make only a prehmmary consideration 

The most  conwncmg evidence in favor of  energy transfer is that  of  Murata  [1] 
who showed that the addition of  Mg 2+ salts mcreases the quantum yield o f  Photo-  
system II DCIP  reducuon while decreasing the quantum yield of  Photosystem I 
N A D P  + reduction by DCIPH2 It is not  an absolute evidence, smce no one showed 
that  the loss m Photosystem il makes for the gain in Photosystem I It Is possible that 
independently of  each other the trapping efficiency of  one system increases whtle the 
other decreases Also, under the hmttlng hght condttlons used m Murata 's  work [I ], 
one can conclude that the trapping centers of  Photosystem II are opened while the 
energy transfer goes on The yield of  the (,supposed) energy transfer is qutte high, 
even when the reaction centers are opened and supposed to trap the excitation 
efficiently (It is at least 25 ° o of  the t rapped excltanon m Photosystem I1, cf ref I, 
Figs 5-7, judged from the Mg z+ effect ) One must wonder  how such energy transfer 
may be so efficient compared  to the t rapping efficxency, when we know that energy 
transfer between Photosystem 11 umts themselves Is not so efficient [27], and that 
Photosystem I and Photosystem lI form separate entrees [28] 

Different posslbdmes may be sought One poss~blhty ts that Photosystem i 
reactmns utlhze trtplet excltons k u includes lntersystem-crosslng into the triplet 
manifold Depending on hfe-ttme and the mterac tmns  between the pigments, the 
triplet may have a high probabfltty to be t rapped at the Photosystem I center In this 
way we keep both  the idea of  energy transfer and the meaning of  kn as a radmtlonless 
transttton constant  We are now investigating this and other posstbthttes 
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